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Making waves: A proposed new role for
myosin-binding protein C in regulating oscillatory
contractions in vertebrate striated muscle

Samantha P. Harris®

Myosin-binding protein C (MyBP-C) is a critical regulator of muscle performance that was first identified through its strong
binding interactions with myosin, the force-generating protein of muscle. Almost simultaneously with its discovery, MyBP-C
was soon found to bind to actin, the physiological catalyst for myosin’s activity. However, the two observations posed an
apparent paradox, in part because interactions of MyBP-C with myosin were on the thick filament, whereas MyBP-C
interactions with actin were on the thin filament. Despite the intervening decades since these initial discoveries, it is only
recently that the dual binding modes of MyBP-C are becoming reconciled in models that place MyBP-C at a central position
between actin and myosin, where MyBP-C alternately stabilizes a newly discovered super-relaxed state (SRX) of myosin on
thick filaments in resting muscle and then prolongs the “on” state of actin on thin filaments in active muscle. Recognition of
these dual, alternating functions of MyBP-C reveals how it is central to the regulation of both muscle contraction and
relaxation. The purpose of this Viewpoint is to briefly summarize the roles of MyBP-C in binding to myosin and actin and then
to highlight a possible new role for MyBP-C in inducing and damping oscillatory waves of contraction and relaxation. Because
the contractile waves bear similarity to cycles of contraction and relaxation in insect flight muscles, which evolved for fast,
energetically efficient contraction, the ability of MyBP-C to damp so-called spontaneous oscillatory contractions (SPOCs) has
broad implications for previously unrecognized regulatory mechanisms in vertebrate striated muscle. While the molecular
mechanisms by which MyBP-C can function as a wave maker or a wave breaker are just beginning to be explored, it is likely
that MyBP-C dual interactions with both myosin and actin will continue to be important for understanding the new functions

of this enigmatic protein.

Introduction

Myosin-binding protein C (MyBP-C) is an important regulator of
striated muscle contraction. First identified through its strong
interactions with myosin (Offer et al., 1973), the force-generating
protein of muscle, it was soon discovered that MyBP-C also binds
to actin (Moos, 1981; Moos et al., 1978; Yamamoto, 1986), the
protein catalyst that activates myosin to exert force. Because
myosin and actin are the main constituent proteins of sarcomere
thick and thin filaments, respectively, and because the two fil-
ament systems occupy distinct but overlapping spatial dis-
tributions, it had been an ongoing debate whether MyBP-C
regulates contraction primarily through inhibitory effects on
myosin or through its more recently discovered activating ef-
fects on the thin filament. While the controversy is not yet en-
tirely settled, it is now more widely accepted that MyBP-C affects
both thick and thin filaments and that it may provide a direct line
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of communication between the two filament systems. Cur-
rent research efforts are thus focused on resolving the dy-
namics of how MyBP-C influences each filament system and
how it relays mechanical information between thick and thin
filaments.

This review provides a short synopsis of historic and current
views on how cMyBP-C regulates contraction through its dual
interactions with myosin and actin. The review then highlights
evidence for a newly emerging role of MyBP-C to regulate
spontaneous oscillatory contractions, so-called SPOCs, in ver-
tebrate striated muscles. It is argued that SPOCs are analogous to
stretch-activated contractions in insect flight muscles (IFMs)
where Ca?* is permissive for cycles of contraction and relaxation
to occur, but the cycles are initiated and terminated by me-
chanical signals originating from sarcomeres rather than from
chemical signals such as a rise and fall in intracellular Ca?*.
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Figure 1. cMyBP-C domain structure and binding interactions. (A)
cMyBP-C (MYBPC3 gene product) is depicted as a series of blue rectangles
representing either Ig- or fibronectin-like folded domains. Domains are
numbered CO-C10 beginning from the N terminus to the C terminus. The
position of the regulatory M-domain with three serines (PPP) that are
phosphorylated by protein kinase A is shown between domains C1 and C2.
Domains CO-C2 bind to thin (actin) filaments (purple) and to thick (myosin)
filaments (red). Domains C8-C10 anchor MyBP-C to the thick filament by
binding to the light-meromyosin (LMM) segment of myosin and to titin.
(B) Cartoon of a sarcomere showing thin filaments (purple), thick filaments
(red), and titin (green). MyBP-C localization is shown as a series of nine regularly
spaced stripes (blue) in the C-zones of each half sarcomere. D- and P-zones of
the thick filament are also indicated. Figure created with Biorender.com.

Because acute removal of MyBP-C from sarcomeres using a novel
cut-and-paste approach was recently found to induce SPOCs in
cardiac muscle, while replacement of MyBP-C abolished SPOCs
(Napierski et al., 2020), it is proposed that a previously unrec-
ognized role of MyBP-C is to damp stretch-activated mechanical
oscillations of muscle sarcomeres in vertebrate striated muscles.
It is further argued that the results have broad implications for
mechanisms of contractile regulation, energetic efficiency, and
excitation-contraction coupling in vertebrate striated muscles.
Because evidence for these ideas comes primarily from recent
studies using cardiac muscle, the cardiac isoform (cMyBP-C) will
be emphasized throughout the discussion. However, because it is
likely that there are overall similarities between skeletal and
cardiac MyBP-C function, cardiac and skeletal MyBP-C proteins
will be considered interchangeably unless otherwise noted.

MyBP-C interactions with myosin

cMyBP-C is composed of a series of domains with structural simi-
larity to folded Ig-like and fibronectin-like domains. As indicated in
Fig. 1, cMyBP-C, encoded by the MYBPC3 gene, has 11 folded domains
numbered CO-C10 beginning at the N terminus of the protein
(Carrier et al., 1997), whereas the slow and fast skeletal isoforms
(encoded by MYBPCI and MYBPC2, respectively) each lack the CO
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domain and have only domains C1-C10 (Weber et al., 1993). For
all three proteins, the last three C-terminal domains, C8, C9,
and C10, mediate tight binding to the light meromyosin (rod)
portion of the myosin thick filament (Flashman et al., 2007;
Gilbert et al., 1999, 1996), with binding to this segment in the
A-band reinforced by a trimeric complex formed by myosin,
MyBP-C, and the super repeats of titin (Freiburg and Gautel,
1996). The additional interactions of MyBP-C with titin confer
its characteristic localization to a series of “stripes” spaced ~43
nm apart that occur in the middle third of each half-thick fil-
ament (Tonino et al., 2019). The position of the MyBP-C stripes
defines the C-zone of each half sarcomere, with the flanking
A-band segments that lack MyBP-C referred to as proximal and
distal zones (P- and D-zones, respectively) that lie nearest to the
M-line and Z-line, respectively (Fig. 1). Thus, although MyBP-C
binds tightly to myosin, its distribution within the sarcomere is
narrowly restricted and corresponds to approximately every
third crown of myosin heads that emerge from the thick fila-
ment only within the C-zone.

Additional lower-affinity myosin binding sites are contained
within N-terminal domains of MyBP-C that span CO-C2. For
instance, the cardiac-specific CO domain interacts with myosin
regulatory light chain (Ratti et al., 2011), while C1, C2, and the
regulatory M-domain bind to the S1 or S2 segments of myosin
(Gruen and Gautel, 1999; Ababou et al., 2007, 2008; Nag et al.,
2017). The discovery that MyBP-C binds to myosin at multiple
positions prompted the early hypothesis that MyBP-C (or
C-protein, as it was first named) could restrict the movement of
myosin heads away from the thick filament by simultaneously
binding to both the myosin rod and myosin S2 segments of
myosin (Fig. 2).

According to Starr and Offer (1978): “If, in resting muscle, the
subfragment-2 regions of the myosin molecules making up the
thick filaments were attached to the light-meromyosin part of
the filament shaft by C-protein, the outward movement of the cross-
bridges of heavy meromyosin thought to occur during contraction
(Huxley, 1969) would be prevented. It is an intriguing possibility
that, if the binding of C-protein to the subfragment-2 region or to
light meromyosin were regulated, this could form the basis of a
mechanism to regulate the interaction of myosin heads with actin.”

This hypothesis (later referred to as the “tether” hypothesis)
foreshadowed how MyBP-C could regulate contraction by lim-
iting myosin head motion away from the thick filament such
that unbinding the S2 portion of myosin, for instance through
phosphorylation, would release the tether (Calaghan et al.,
2000). Evidence for regulation of MyBP-C by phosphorylation
in response to B-adrenergic stimuli or by dephosphorylation in
response to acetylcholine was obtained shortly thereafter (Jeacocke
and England, 1980; Hartzell and Titus, 1982). Phosphorylation of
serine residues in the M-domain of cMyBP-C was indeed found to
abolish binding to S2 (Gruen et al., 1999; Calaghan et al., 2000) and
cause myosin heads to move away from the thick filament (Kensler
et al,, 2017; Colson et al., 2008), consistent with the idea that un-
binding of cMyBP-C to myosin S2 mediates inotropic responses in
the heart.

More recent studies have furnished additional details of
MyBP-C interactions with myosin S2. In particular, there is
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Figure 2. Diagrams and 3-D reconstruction
showing possible arrangements of binding
sites for C-protein on myosin and the thick
filament. (A) Diagram from Starr and Offer
(1978) showing how MyBP-C binding sites
could restrict myosin heads. Binding sites are
indicated by the white areas in myosin tails. (A a)
Separate binding sites in the light meromyosin
and subfragment-2 regions. (A b) Binding site
shared by the light-meromyosin (LMM) and
subfragment-2 (S-2) regions. (A c) Diagram
showing how in the thick filament one C-protein
molecule could interact with the heavy-
meromyosin (HMM) region of one myosin mol-
ecule and the LMM region of another. S-1,
subfragment-1. Figure and legend reprinted from
Starr and Offer (1978) with permission from Bi-
ochemical Journal. (B) Modification of myosin
heads redrawn from A to represent myosin
heads stabilized by MyBP-C and folded back
against the thick filament in the IHM/SRX state
(top) and effects of cMyBP-C phosphorylation to
disrupt the IHM/SRX state (bottom). PPP, regu-
latory M-domain with three serines (see legend
to Fig. 1). (C) 3-D reconstruction of a cardiac
thick filament showing three crowns of myosin

heads (1, 3, and 2), myosin S2 (red), myosin free heads (cyan), myosin blocked heads (green), titin (yellow), and MyBP-C C8-C10 domains (magenta). Possible
interaction of the C10 domain of MyBP-C with a myosin free head is indicated by white arrow. Figure modified from Al-Khayat et al. (2013) with permission
from Proceedings of the National Academy of Sciences of the United States of America.

increasing evidence that MyBP-C stabilizes a newly described
super-relaxed state (SRX) of myosin characterized by signifi-
cantly reduced myosin ATPase activity (McNamara et al., 2019,
2017; Stewart et al., 2010). The SRX state is associated with
myosin heads adopting a bent-back conformation (the so-called
interacting heads motif [IHM]), where they are folded back
against the myosin rod (Fig. 2). The conformation is evolution-
arily conserved across the entire myosin II family (Lee et al.,
2018), but MyBP-C stabilizes myosin heads in a way that pro-
vides additional regulatory control in vertebrate striated mus-
cles in a manner similar to the original mechanism proposed by
Starr and Offer (1978). Consistent with the idea that MyBP-C
confers additional regulatory control over myosin activity,
phosphorylation reduces the number of myosin heads in the
SRX state (McNamara et al., 2019). Additional interactions of
MyBP-C with myosin S1 along a surface on S1 referred to as the
“myosin mesa” also appear important for stabilization of the
inhibited, folded state of myosin such that reciprocal mutations
in either the myosin mesa or cMyBP-C lead to dysregulation of
contraction and cause hypertrophic cardiomyopathy (HCM; Nag
et al., 2017; Trivedi et al., 2018; Toepfer et al., 2020).
Stabilization of the SRX state may also be an integral part of
thick filament regulation via a mechanosensing mechanism.
Recent studies suggest that thick filaments undergo a change in
activation state from “off” to “on” during contraction, similar to
thin filaments (Linari et al., 2015). However, unlike thin fila-
ment activation, thick filament activation is independent of Ca%*
and is instead controlled by a mechanism in which stress on the
thick filament increases the number of myosin heads available
for force generation (Irving, 2017; Fusi et al., 2016). MyBP-C
could directly contribute to thick filament activation via force
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sensing if load alters MyBP-C interactions with titin or myosin
in such a way that it disrupts the SRX state (Linari et al., 2015).
An atomic model of cardiac thick filaments (Al-Khayat et al.,
2013) revealed that a C-terminal domain of MyBP-C (most likely
C10; Lee et al., 2015) appears to interact with titin and with the
free S1 head of myosin when it is folded in the IHM (Fig. 2). It is
therefore plausible that stress on the thick filament may be
sensed by titin and MyBP-C C-terminal domains and then
communicated to the thin filament, as previously suggested for
length-dependent activation (Ait-Mou et al., 2016; McDonald,
2011). Alternatively, changes in MyBP-C layer lines occurred
coincident with Ca®* activation but before thick filament acti-
vation in response to load (Reconditi et al., 2011). Therefore, it is
possible that Ca®* loosens MyBP-C connections with myosin that
otherwise stabilize the interacting heads conformation, thereby
freeing heads from the SRX state before contraction. MyBP-C
effects would therefore be analogous to a parking brake whose
removal is necessary for subsequent motion of myosin heads.
Lastly, MyBP-C may accelerate the return of thick filaments to a
relaxed state by sequestering myosin heads in the SRX state as
MyBP-C returns to its preactivated conformation during the late
phase of relaxation (Reconditi et al., 2011).

MyBP-C interactions with actin

Along with early discoveries that MyBP-C interacted with my-
osin, MyBP-C was also found to bind to F-actin and to regulated
thin filaments (F-actin plus the regulatory proteins troponin and
tropomyosin) in muscle sarcomeres (Moos, 1981; Moos et al.,,
1978; Yamamoto, 1986). Importantly, binding was increased in
the presence of Ca®*, suggesting that binding could be regulated
during contraction (Moos, 1981; Yamamoto, 1986). At the time,
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however, it was difficult to reconcile the ability of MyBP-C to
bind to actin with the elegant tether hypothesis described above
that seemed to fully account for the ability of MyBP-C to inhibit
myosin cross-bridge kinetics. As a result, findings that MyBP-C
could bind to actin were largely overlooked or considered to be
nonspecific due to charge interactions of MyBP-C with the
highly negatively charged actin filament. Binding to actin was
later rediscovered in studies showing that recombinant N-terminal
domains CO-C2 bound to F-actin and thin filaments (Kensler
et al., 2011; Whitten et al., 2008; Shaffer et al., 2009). Binding
was indeed sensitive to charge, as noted for full-length MyBP-C,
but was also stereospecific, saturable, and sensitive to phos-
phorylation, arguing against purely nonspecific effects. Addi-
tional actin binding sites were also localized to the C5-C10 domains
(Rybakova et al., 2011).

Functional studies with recombinant N-terminal domains
(e.g., CO-C2) next demonstrated both potent activating and in-
hibitory effects of MyBP-C in a number of assay systems such as
force measurements in detergent-permeabilized myocytes,
sliding velocity in in vitro motility assays, and actin-activated
myosin ATPase assays (Razumova et al., 2006, 2008; Belknap et al.,
2014). Notably, the activating effects of cMyBP-C N-terminal do-
mains were similar to those elicited by Ca®* and rigor (strongly
bound) myosin cross-bridges, i.e., the only other known ac-
tivators of striated muscle contraction. Indeed, in some cases
N-terminal domains activated contraction in fully relaxed mus-
cle even in the absence of Ca2* (Herron et al., 2006; Razumova
et al.,, 2008). However, the physiological significance of these
effects was still questioned, in part because it was difficult to
reconcile how activating effects of N-terminal domains observed
in force assays related to apparently opposite results obtained in
cMyBP-C knockout mice, in which cross-bridge cycling rates
were increased in the absence of cMyBP-C (Korte et al., 2003).
Moreover, it was still difficult to reconcile how the N-terminal
domains of MyBP-C could physically interact with both myosin
and actin when the two filaments occupy overlapping but dis-
tinct positions in muscle sarcomeres.

Nonetheless, a structural basis for the activating effects of
cMyBP-C N-terminal domains was shown by EM in studies that
revealed that the N-terminal domains shifted the position of
tropomyosin toward the “open” or “on” state on the thin fila-
ment (Mun et al., 2014). Remarkably, a shift in tropomyosin
toward the open state was predicted 30 yr previously as a
mechanism to explain the strong correlation of cMyBP-C phos-
phorylation with the rate of relaxation. Specifically, Hartzell
(1984) proposed that cMyBP-C binding to the thin filament
could “prevent or slow the return of tropomyosin to its blocking
position as intracellular Ca declines and thus would prolong the
active state.”

In further support of an effect on tropomyosin, a MyBP-C
missense mutation (L348P) was identified in the trihelix bun-
dle of the M-domain that increased the activating effects of the
N-terminal domains by moving tropomyosin even further past
its open state on the thin filament (Mun et al., 2016). The ex-
aggerated movement of tropomyosin was greater than that in-
duced by both Ca?* and rigor cross-bridges combined and could
thus account for the ability of recombinant proteins with this
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mutation to activate force even in the absence of Ca®* (Bezold
et al., 2013). Cryo-EM and single-particle analyses next revealed
molecular details of individual domain interactions with actin and
tropomyosin (Harris et al., 2016; Risi et al., 2018). Somewhat un-
expectedly, these studies revealed complex polymorphic binding
of the individual domains to F-actin and the thin filament. For
instance, CO and C1 each could bind to the thin filament in mul-
tiple stereospecific positions. However, only Cl affected the posi-
tion of tropomyosin (Fig. 3). The latter accounted for the ability of
C1, but not CO, to augment actin-activated myosin ATPase activity
and increase force in contracting sarcomeres (Harris et al., 2016).
As shown in Fig. 3, additional cryo-EM studies showed that the
activating effects of C1 were due to charge-charge interactions of a
4-amino acid (RASK) loop that trapped tropomyosin in its open
position (Risi et al., 2018).

While initially surprising, the finding that N-terminal do-
mains of cMyBP-C can bind to the thin filament in multiple
configurations implies a structural plasticity that may be im-
portant to allow cMyBP-C to interact dynamically with both
filament systems. For example, multiple binding configurations
might be permissive for maintaining contact with both thick and
thin filaments as they slide past one another without impeding
the movement of myosin cross-bridges. It is therefore plausible
that changes in [Ca?*], phosphorylation, mechanical load, or
strongly bound myosin cross-bridges dynamically reposition
domains and thereby modulate MyBP-C effects on contraction or
relaxation. Cryo-EM studies to visualize different domain con-
figurations under different conditions should be valuable in
testing these hypotheses and are ongoing.

Although the significance of MyBP-C activation of the thin
filament is still not completely understood, it was proposed that
thin filament activation by MyBP-C might augment contraction at
a time when the influence of other activators of the thin filament,
i.e., Ca?* and strongly bound cross-bridges, is declining (Hinken
and Solaro, 2007; Hartzell, 1984). Consistent with this idea, loss of
thin filament activation by cMyBP-C could account for the pro-
found shortening of the ejection phase of systole in cMyBP-C
knockout mice compared with WT mice (Palmer et al., 2004).
To directly test whether activating effects of cMyBP-C maintain
the thin filament in an open conformation at the end of systole,
systolic ejection time was measured either in transgenic mice
expressing the L348P mutation, which increases thin filament
activation as mentioned above, or in transgenic mice expressing a
separate mutation (E330K) that decreases binding affinity for
actin. Consistent with the hypothesis that the activating effects of
cMyBP-C are important at a time when [Ca?*]; is falling and when
shortening-induced activation of the thin filament should promote
relaxation (Hinken and Solaro, 2007), systolic ejection time was
prolonged in L348P mice and shortened in E330K mice (van Dijk
et al., 2018). Of course, these results do not exclude the possibility
that activating effects of cMyBP-C N-terminal domains may be
relevant at other times during the contractile cycle too. For in-
stance, cMyBP-C may help promote uniform thin filament acti-
vation in the C-zone to compensate for Ca* gradients upon release
from the SR that would be expected to activate myosin cross-
bridges in the D-zones first, before those in C-zones (Previs
et al., 2015; Brunello et al., 2020).
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Figure 3. Polymorphic binding of the C1 domain to two positions (front and side) on the thin filament. The C1 Ig-like domain binds to the thin filament in
multiple positions. (A and B) C1 is shown binding to the front of the thin filament (A) and to the side of the thin filament (B). C1 displaces tropomyosin from its
closed position on F-actin when bound in the front mode and traps tropomyosin in its open state when bound to the thin filament in the side mode. Re-
constructions are shown as gray transparent surfaces. Actin molecules are shown as tan ribbons; tropomyosin (Tm) in the open state is shown as green
ribbons. The crystal structure of the C1 Ig-like domain (PDB accession no. 2V6H) is shown in blue (front mode) or purple (side mode). In the side mode, C1
makes a prominent contact with tropomyosin (red arrows). All complexes were formed at low Ca?* (pCa > 8). A and B modified from Harris et al. (2016) with
permission from Proceedings of the National Academy of Sciences of the United States of America. (C) Higher-resolution 3-D reconstruction showing the interface
of C1 on the thin filament when bound in the side mode and interacting with tropomyosin. Highlighted region shows a 4-amino acid loop (RASK) of C1 that

contacts tropomyosin and traps it in the open position. C modified from Risi et al. (2018) with permission from Structure.

Dual inhibitory and activating effects of MyBP-C

The significant role played by MyBP-C in affecting regulation of
both thick and thin filaments was recently highlighted in time-
resolved x-ray diffraction studies showing that cross-bridges in
the C-zone bear peak force during a twitch and that detachment of
cross-bridges in the C-zone is rate limiting in relaxation (Brunello
et al., 2020). However, despite increasing evidence for the phys-
iological significance of interactions of MyBP-C with both actin
and myosin, it is only relatively recently that attempts have been
made to consolidate the inhibitory and activating effects of
MyBP-C into integrated models of MyBP-C function. Most models
broadly propose that the activating effects of cMyBP-C augment
force during systole and slow relaxation as mentioned above
(Brunello et al., 2020; Irving, 2017; van Dijk et al.,, 2018), whereas
inhibitory effects of MyBP-C are most apparent during diastole (or
at rest in skeletal muscle), where there is increasing evidence to
support a role for MyBP-C in stabilizing the SRX state of myosin
(McNamara et al., 2016, 2019).

However, molecular details are still limited, and it is yet
unclear whether individual MyBP-C molecules cycle between
thick and thin filaments during a single twitch or if different
MyBP-C populations remain bound to either actin or myosin. In
support of the former, Ca?* activation of skeletal muscle in x-ray
diffraction studies induced a rapid decrease in the intensity of
layer lines associated with MyBP-C that preceded force gener-
ation (Reconditi et al., 2011). The decrease in MyBP-C layer line
intensity could reflect formation of “C-links” between thick and
thin filaments (Irving, 2017; Luther et al., 2011), consistent with
increased binding of MyBP-C to the thin filament in the pres-
ence of Ca?>* (Yamamoto, 1986; Moos, 1981). Because MyBP-C
layer lines increase in intensity again during the late phase of
relaxation, results support the idea that MyBP-C likely under-
goes fast, dynamic binding within the time course of a single
twitch. However, evidence in favor of discrete populations of
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MyBP-C molecules comes from studies of MyBP-C phosphoryl-
ation, which differentially affects binding to actin or myosin
(Ponnam et al., 2019) and occurs on timescales slower than a
twitch. Therefore, binding equilibria may be shifted preferen-
tially toward either actin or myosin by phosphorylation, re-
sulting in distinct functional populations of MyBP-C. Additional
studies, for instance using FRET probes attached to MyBP-C and
its binding partners on thick or thin filaments, are needed to
distinguish these possibilities.

A cut-and-paste approach for modifying cMyBP-C in
sarcomeres in situ

A major obstacle to progress in understanding the molecular
mechanisms of how MyBP-C affects contraction and relaxation
is a dearth of experimental systems that allow rapid manipula-
tion of MyBP-C while still preserving its localization at its native
position in the C-zones of muscle sarcomeres. Stoichiometric
exchange of smaller thick and thin filament proteins such as
myosin regulatory light chain and troponin has been possible for
decades using biochemical approaches in detergent-permeabilized
(“skinned”) muscle preparations (Moss, 1992). These methods are
powerful because they allow mutations or probes of interest to be
rapidly introduced and tested in functional sarcomeres. However,
larger integral proteins of the thick filament, such as myosin,
MyBP-C, and titin, have proven difficult or impossible to manipu-
late with such methods. Most studies on these proteins therefore
have by necessity resorted either to creation of transgenic animals,
which can be time consuming and costly to produce, or to in vitro
systems that typically use smaller proteolytic or recombinant
fragments of the protein of interest. In the case of MyBP-C, re-
combinant proteins containing the first several N-terminal domains
of MyBP-C (e.g., CO-C2 or C1-C2) are commonly used because these
domains contain binding sites for actin or myosin along with
the regulatory M-domain that is phosphorylated in response to
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inotropic stimuli. However, information regarding the function of
the whole protein is lost. Other simplified in vitro systems such as
ATPase and motility assays are often used that lack sarcomeres
altogether.

An exception is detergent-permeabilized muscle preparations,
in which cell membranes and organelles are extracted with de-
tergent, leaving functional sarcomeres intact. Force is then mea-
sured by fixing the two ends of a skinned preparation between a
force transducer and positional motor and submersing the prepa-
rations in precisely buffered solutions to achieve a desired free
[Ca?*] to activate contraction. Advantages of so-called skinned
muscle experiments are that they allow complete control over the
buffer compositions that surround the sarcomeres, while muscle
functional parameters including sarcomere length and load can be
set or varied as desired. For instance, the potent activating effects
of cMyBP-C N-terminal domains such as CO-C2 or C1-C2 on force
were demonstrated by adding recombinant proteins to solutions
bathing skinned muscle preparations (Razumova et al, 2008;
Herron et al., 2006; Kunst et al, 2000; Shaffer et al., 2007).
However, limitations of simply adding recombinant proteins to
bath solutions include uncertainty as to whether added recombi-
nant proteins are restricted exclusively to the positions normally
occupied by endogenous cMyBP-C in C-zones and the potential for
competition with endogenous cMyBP-C. Although issues related to
competition can be overcome using myocytes from cMyBP-C
knockout mice (Harris et al., 2004, 2002), other compensatory
effects can still confound data interpretation in studies using
knockout myocytes. For these reasons, until recently it had re-
mained an open question whether cMyBP-C could augment or
activate contraction when localized at its native position in muscle
sarcomeres in situ.

To overcome these limitations, we recently designed a novel
hybrid approach that combines genetic and protein engineering
to selectively remove and replace N-terminal domains of cMyBP-
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Figure 4. Cut-and-paste approach for removal and
replacement of cMyBP-C N-terminal domains in car-
diomyocytes from homozygous Spy-C mice. (A) Gene-
edited Spy-C mice express modified cMyBP-C with a TEVp
recognition site (light blue rectangle) and a SpyTag (orange
rectangle) inserted between domains C7 and C8. Inset: Im-
munofluorescence localization of cMyBP-C in homozygous
(HO) and WT Spy-C myocytes showing expected localization
(green) in each half sarcomere. Z-lines are shown stained
with a-actinin (red). (B) Cut and paste of cMyBP-C in Triton
X-100-permeabilized cardiomyocytes from HO Spy-C mice.
(B 1) Cut: TEVp treatment releases genetically encoded (y)
CO0-C7 domains, which are soluble and can be removed from
sarcomeres through gentle rinsing. Inset: Immunofluores-
cence showing loss of cMyBP-C stripes after TEVp treatment
in HO myocytes but not WT myocytes. (B 2) Paste: New
recombinant rCOC7-sc domains (green; encoding any desired
modification such as mutations, deletions, and fluorescent
probes) are added to the bath where they become covalently
attached to st-C8C10 on the thick filament via a spontane-
ous bond formed between SpyCatcher and SpyTag. Inset:
Immunofluorescence localization showing reappearance of
cMyBP-C stripes (green) after addition of rCOC7-sc in HO
myocytes but not rCOC7 lacking encoded SpyCatcher in HO
myocytes. Data and figure modified from Napierski et al.
(2020). Figure created with BioRender.com.

HO+C0C7

C at their native positions in skinned cardiac muscle (Napierski
et al., 2020). As shown in Fig. 4, the method uses detergent-
permeabilized cardiac muscle from gene edited Spy-C mice
that express a modified cMyBP-C protein with a 20-amino acid
cassette inserted between domains C7 and C8. The first 7 amino
acids of the cassette encode a tobacco etch virus protease (TEVp)
recognition site, and the last 13 encode a SpyTag sequence
(Zakeri et al., 2012). Treatment of detergent-permeabilized
myocytes with TEVp in the bath solutions first causes efficient
cleavage of the endogenous, genetically (y) encoded CO-C7 do-
mains, which are soluble and can be removed from the sarco-
meres by gentle washing. Next, new recombinant (r) CO-C7
domains with a SpyCatcher sequence encoded at their C-termini
are added to bath solutions, where they become covalently joined
to SpyTag (exposed at the N terminus of genetically encoded
domains C8-Cl10) via a spontaneous isopeptide bond formed
between SpyCatcher and SpyTag (Zakeri et al., 2012). The entire
process is rapid, requiring only minutes, and has a replacement
efficiency of ~90%. The cut-and-paste method thus achieves
rapid and efficient exchange of domains CO-C7 with virtually
any recombinant protein containing any desired point mutation,
deletion, insertion, biosensor, enzyme, etc. Replacement of
cMyBP-C with recombinant variants carrying FRET sensors
should be especially valuable for determining dynamic interac-
tions of cMyBP-C N-terminal domains with thin and thick fila-
ments, as mentioned above.

Using the cut-and-paste approach, we first confirmed that
cMyBP-C N-terminal domains can indeed augment Ca?*-acti-
vated force when they are restricted to their native positions in
muscle sarcomeres in situ (Fig. 5). This was evident by a de-
crease in Ca?*-activated force (rightward shift in the tension-
pCa relationship) after TEVp treatment, whereas ligation of
new recombinant CO-C7 domains via the SpyCatcher/SpyTag
bond caused a leftward shift in Ca2* sensitivity of force. The
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Figure 5. Effects of cut and paste of cMyBP-C N-terminal domains on
force in skinned myocytes. (A and B) Normalized tension-pCa relationships
in WT myocytes (A) or HO Spy-C myocytes (B); before TEVp treatment
(control, blue), after TEVp treatment (red), and after incubation with rCOC7-
sc (green). (C and D) Summary data showing average pCaso values for each
condition in WT (C) and HO Spy-C myocytes (D). Loss of CO-C7 domains after
TEVp treatment caused a decrease in Ca?* sensitivity to tension that was
reversed by ligation of rC0-C7-sc in HO but not WT myocytes. (E and F) k.
data from WT (E) and HO (F) myocytes showing an increase in relative ki, at
intermediate [Ca?*] after TEVp treatment that was reversed by ligation of
rC0-C7-sc in HO but not WT myocytes. Data reprinted from Napierski et al.
(2020).

magnitude of the effect was modest compared with effects ob-
served when recombinant domains are added free in solution to
skinned muscle preparations, but was nonetheless anticipated
because fewer sites are occupied by cMyBP-C when restricted to
sarcomere C-zones. Results are thus in good agreement with
structural and functional studies showing that N-terminal do-
mains can activate force by repositioning tropomyosin on the
thin filament (Mun et al., 2014; Harris et al., 2016). In addition,
because replacement with phosphorylated CO-C7 did not induce
aleftward shift in Ca2* sensitivity (Napierski et al., 2020), results
suggest that phosphorylated cMyBP-C induces a decrease in Ca?*
sensitivity that acts in concert with troponin I phosphorylation,
which decreases Ca?* sensitivity following inotropic stimuli
(Kégler and Riiegg, 1997; Garvey et al., 1988).

The new cut-and-paste method also recapitulated the ca-
nonical increase in cross-bridge kinetics following loss of
cMyBP-C in knockout mice (Korte et al., 2003; Stelzer et al.,
2006a). As shown in Fig. 5, rates of cross-bridge cycling (ki)
assessed using a release and restretch maneuver (to break and
reform cross-bridge attachments) were significantly increased
at -logjo of the [Ca?*] (pCa) values near the midpoint (pCaso) of
force development following treatment with TEVp to remove
domains CO-C7 of cMyBP-C. These results are in good
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agreement with force measurements in skinned myocytes from
cMyBP-C knockout mice showing that cMyBP-C slows cross-
bridge kinetics, but only at middle ranges of Ca** activation.
Importantly, ligation with recombinant CO-C7 fully reversed
these effects and again reduced ki, consistent with previous
conclusions from knockout mice that cMyBP-C slows cross-
bridge cycling rates. Taken together, these results validate the
cut-and-paste method by recapitulating both the inhibitory ef-
fects of cMyBP-C N-terminal domains on cross-bridge kinetics
and the activating effects that increase myofilament Ca?*
sensitivity.

SPOCs appear after loss of cMyBP-C N-terminal domains

An unanticipated change in the contractile properties of skinned
muscle not predicted based on previous experiments became
obvious immediately following loss of genetically encoded
C0-C7 domains using the cut-and-paste method. The change was
the appearance of vigorous oscillatory contractile waves that
were visible upon activation of force by Ca?* (Video 1; Napierski
et al,, 2020). The oscillatory contractions propagated from sar-
comere to sarcomere throughout the entire length of the skinned
muscle preparations (~200-300 pm) and continued back and
forth for as long as preparations were activated by Ca2* (<60
min). The contractile waves occurred most frequently at inter-
mediate [Ca2*] but could also sometimes be observed at maximal
Ca?* activation at saturating [Ca?*] (pCa,s). The oscillatory
waves were due specifically to the loss of cMyBP-C, because
waves ceased immediately upon ligation of new recombinant
C0-C7 domains. As is discussed in more detail below, the sig-
nificance of these discoveries is that they suggest a previously
unrecognized role of cMyBP-C to damp oscillatory contractions
that originate at the sarcomere, and further suggest that MyBP-C
has the potential to modulate excitation-contraction coupling at
the level of the sarcomere.

The first detailed descriptions of SPOCs (Fig. 6) were in
skinned skeletal muscles, where the phenomenon was charac-
terized as alternating cycles of sarcomere contraction and re-
laxation (Fabiato and Fabiato, 1978). Importantly, the oscillations
were shown to occur independently of other cyclic changes in
Ca?* signaling, such as those arising from either extracellular or
intracellular sources, including the SR, because the SR and other
membranous organelles are removed from the preparations
during skinning with detergent. In addition, inhibition of the SR
with ryanodine does not block SPOCs, further demonstrating
that the cycles of contraction and relaxation do not originate
from the SR. Since its initial description, SPOC has been de-
scribed in a wide variety of skinned skeletal and cardiac muscles
(Wolfe et al., 2011; Sasaki et al., 2005; Ishiwata et al., 2011 and
video therein). More recently, it has been observed in living
myocardial cells where the SR and sarcolemma remain intact
(Serizawa et al., 2011).

Several models have been proposed to explain SPOCs, with
variables ranging from the intrinsic oscillatory properties of
motor proteins to emergent properties of muscle sarcomeres
(Ishiwata et al., 2011; Kagemoto et al., 2015; Wolfe et al., 2011). At
a minimum, ensembles of actin and myosin molecules coupled
elastically to a surface can generate force oscillations (Jiilicher
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and Prost, 1997). Dependence on underlying myosin motor
properties also explains observations that the period of SPOC
correlates with heart rate, because cross-bridge cycling rates are
known to scale with both muscle speed and myosin isoform
expression (Sasaki et al., 2006). However, other factors con-
tribute to SPOC properties, including sarcomere lattice spacing,
viscoelastic properties of cross-bridges and Z- and M-lines,
length-dependent activation of contraction, and shortening-
induced deactivation of thin filaments. According to one
model, a balance of feed-forward changes in these variables
explains the cycles of slow contraction followed by rapid re-
laxation that are characteristic of SPOC (Sato et al., 2011).

Loss of cMyBP-C could in principle induce SPOCs by affecting
any one of these interrelated mechanisms, because MyBP-C affects
apparent cross-bridge cycling rates (attachment/detachment rates;
Korte et al., 2003; Stelzer et al., 2006b; Moss et al., 2015), lattice
spacing (Colson et al., 2008; Palmer et al., 2011), length-dependent
activation (Mamidi et al., 2014, 2016; Ait-Mou et al., 2016), and
shortening-induced deactivation (Palmer et al., 2004). For instance,
binding of cMyBP-C N-terminal domains to actin damps torsional
flexibility of F-actin in solution (Colson et al., 2012; Bunch et al.,
2019), which could reduce propagation of SPOCs across Z-lines
(Nishizaka et al., 1993; Linke et al., 1993). MyBP-C can also act as
a strut that stabilizes lattice spacing (Palmer et al., 2011), thereby
minimizing structural changes thought to drive SPOCs (Sato et al.,
2011; Ishiwata et al., 2011). Electrical damping is also a possibility, as
the highly basic M-domain of MyBP-C slides past fixed electrostatic
charges between negatively charged actin and myosin filaments
(Millman, 1998).

Synchronous and asynchronous modes of muscle contraction

Despite the widespread occurrence of SPOCs in different mus-
cles, the physiological relevance of contractile oscillations that
originate from sarcomeres is not well understood. Because
SPOCs occurs most commonly at intermediate [Ca2*], it was
proposed that SPOC constitutes a third state of muscle poised
between full activation and complete relaxation (Ishiwata et al.,
2011). However, the alternating cycles of contraction and re-
laxation of SPOCs bear striking similarity to the specialized type
of contraction that occurs in some IFMs (Fig. 6). Indeed, de-
scriptions of contractile oscillations in rabbit psoas muscle were
initially compared with oscillations in bumblebee wing muscle
(Goodall, 1956; Lorand and Moos, 1956). In the latter, contraction
is referred to as asynchronous because multiple cycles of con-
traction and relaxation ensue for as long as Ca* remains above a
threshold value (Fig. 6; Iwamoto, 2011). Importantly, the pri-
mary stimulus for each contraction in asynchronous IFM is not
an electrical or chemical stimulus per se but a mechanical
stretch (“stretch activation”) caused by contraction of an an-
tagonist muscle (Pringle, 1967, 1978). Alternating activities of
paired agonist and antagonist muscles thus lead to contractile
oscillations in both. Although stretch activation occurs to a
limited extent in vertebrate striated muscles, including cardiac
and skeletal muscle, these muscles are typically considered
synchronous, because each twitch is initiated by a single action
potential that gives rise to a single Ca?* transient through
excitation-contraction coupling (Bers, 2002). The result is that
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Figure 6. SPOC: synchronous and asynchronous modes of contraction.
(A) SPOCs are depicted as a sawtooth pattern of rapid sarcomere lengthening
followed by slow sarcomere shortening. Figure redrawn from Wolfe et al.
(2011) with permission from Biophysical Reviews. (B) Synchronous twitch
contraction typically found in vertebrate striated muscles such as heart is
depicted as an increase and decrease in force (F) coupled to a corresponding
increase and decrease in [Ca2*]. (C) Asynchronous twitch contractions rep-
resentative of IFMs are shown as multiple cycles of contraction and relaxa-
tion in the presence of Ca?*. Note that during cycles of asynchronous
contractions, relaxation is uncoupled from a decrease in [Ca%*]. Figure cre-
ated with BioRender.com.

contraction and relaxation are tightly coupled to the rise and fall
of intracellular [Ca?*] in synchronous muscles.

The comparison of SPOCs in vertebrate muscles to asyn-
chronous IFM is useful because it sheds light on what may be the
essential mechanistic difference between SPOCs and the syn-
chronous modes of contraction that are typical of cardiac and
skeletal muscles. As mentioned above, unlike synchronous
contraction, in which contraction and relaxation are strictly
coupled to the rise and fall of intracellular Ca?*, relaxation in
asynchronous muscles or in muscles exhibiting SPOCs can be
considered uncoupled from a decrease in intracellular Ca2*. That
is, relaxation during SPOCs occurs despite the continued pres-
ence of sufficient Ca?* to initiate and maintain force generation
(Fig. 6). Because loss of cMyBP-C induces SPOCs during con-
traction when skinned muscle preparations are submersed in
constant Ca?*, it follows that a major effect of cMyBP-C is to
prevent premature relaxation before a decrease in intracellular
Ca?*. This conclusion is consistent with previous suggestions
that cMyBP-C is a coupling factor that matches rates of con-
traction and relaxation (Janssen, 2010) and with effects of
cMyBP-C to slow relaxation and influence cardiac diastolic
function (Tong et al., 2014; Nagayama et al., 2007; Gresham and
Stelzer, 2016; Hartzell, 1984). Recent evidence that detachment
of myosin cross-bridges in the C-zones of thick filaments is rate
limiting in relaxation of the thick filament also supports the
critical role of MyBP-C in this process (Brunello et al., 2020).

Sarcomere relaxation is typically described as proceeding in
two phases. The first is a slow, isometric phase limited by cross-
bridge detachment from the thin filament, followed by a second
faster and more chaotic phase. The latter occurs once cross-
bridge detachment proceeds to the point that sarcomeres
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Figure 7. Hypothetical scheme showing proposed alternating interac-
tions of cMyBP-C with thin and thick filaments regulated by Ca?* and
mechanical signaling. (1) MyBP-C N-terminal domains undergo Ca?*-
dependent binding to the thin filament and/or become repositioned on the
thin filament in response to Ca2*. (2) Ca2*-activated contraction induces
sarcomere shortening, whereas MyBP-C prevents sarcomere relengthening
but not shortening. (3) As shortening proceeds, MyBP-C N-terminal domains
maintain thin filament activation by shifting tropomyosin toward its on state.
(4) Sarcomere relaxation and relengthening occurs when [Ca2*] falls below a
threshold value and when mechanical control of relaxation causes MyBP-C
N-terminal domains to unbind or become repositioned on the thin filament.
(5) MyBP-C interactions with myosin filament promote relaxation. (6) MyBP-
C stabilizes the SRX state by promoting the interacting head conformation of
myosin under conditions of low load. (7) In the absence of MyBP-C, relaxation
occurs prematurely because sarcomere relengthening is not prevented by
MyBP-C and the activating effects of N-terminal domains are absent. Steps in
the cycle where cMyBP-C N-terminal domains interact with actin are indi-
cated by purple arrows; interactions with myosin are indicated by red arrows.
Figure created with BioRender.com.

suddenly “yield” and rapidly relengthen (Stehle et al., 2002,
2009). MyBP-C could thus slow relaxation by affecting either or
both phases (Fig. 7). For instance, by shifting the position of
tropomyosin and maintaining the thin filament in an activated
state, MyBP-C could prolong the initial slow phase of relaxation.
This may account for the ability of cMyBP-C to extend the du-
ration of systole at a time when Ca®* is falling as proposed earlier
(van Dijk et al., 2018; Palmer et al.,, 2004; Hartzell, 1984). A
similar slowing of relaxation was achieved by treating skinned
muscle with NEM-S], a strong binding derivative of myosin S1,
which like MyBP-C, presumably maintains the thin filament in
an open state, thus allowing force-generating cross-bridges to
cycle and maintain force (Fitzsimons et al., 2001). However,
because SPOC was occasionally observed even under conditions
of maximal Ca?* activation, reduced thin filament activation
alone following loss of cMyBP-C may not fully account for the
appearance of SPOCs. Another possibility is that MyBP-C di-
rectly slows cross-bridge detachment rates independently of
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thin filament activation. The ability of MyBP-C to slow filament
sliding in in vitro motility assays is consistent with slowed cross-
bridge detachment rates (Razumova et al., 2006). However,
under these conditions, MyBP-C may also act as a viscous drag
that slows filament sliding (Weith et al., 2012b; Previs et al.,
2012). Inhibitory effects of MyBP-C in myosin ATPase assays
have also been attributed to competition with myosin S1 rather
than to direct effects on cross-bridge cycling (Belknap et al.,
2014). Nonetheless, accelerated rates of cross-bridge detach-
ment can induce SPOC, as shown by the ability of ADP and in-
organic phosphate (P;) to elicit SPOCs in the absence of Ca>*
(ADP-SPOC; Ishiwata et al., 2007; Kagemoto et al., 2015). Crea-
tine phosphate and phosphoenolpyruvate added to skinned
muscle solutions presumably induce contractile oscillations in
the same way, by increasing cross-bridge detachment and ac-
celerating relaxation (Goodall, 1956; Lorand and Moos, 1956).

A third possibility is that MyBP-C slows the transition to the
second, chaotic phase of relaxation by preventing sarcomere
relengthening. For instance, MyBP-C could cross-link thick and
thin filaments in a way that slows or prevents reverse filament
sliding (i.e., sarcomere lengthening). Simultaneous binding of
MyBP-C to both thick and thin filaments is widely thought to
produce a drag force that slows sarcomere shortening (Hofmann
et al., 1991; Previs et al., 2012; Robinett et al., 2019). If MyBP-C
also limits filament sliding in the opposite direction, i.e., in the
direction of sarcomere lengthening, then it could prevent re-
laxation by selectively slowing the transition into the rapid
chaotic phase of relaxation. Such directional binding could es-
sentially permit cMyBP-C to function as a catch bond between
the two filament systems in which force in one direction pref-
erentially reinforces binding and limits filament back sliding,
whereas force in the opposite direction does not (Thomas et al.,
2008). Consistent with the idea of directional binding of MyBP-
C to actin, laser trap assays showed that cMyBP-C N-terminal
domains bound to actin and preferentially displaced filaments in
one direction only (Weith et al., 2012a). We also previously
hypothesized that mechanical force could cause opening of the
conserved trihelix bundle, which would function as a hinge
within the M-domain to expose an additional conserved actin
binding sequence (Bezold et al., 2013). Notably, the sequence is
conserved across all MyBP-C isoforms from fish skeletal to hu-
man cardiac muscle (Shaffer and Gillis, 2010) and was originally
identified through sequence homology with an actin binding
sequence in twitchin, the protein responsible for the long-lived
catch state of molluscan smooth muscle (Funabara et al., 2005;
Butler et al., 2010).

Although the precise mechanisms by which MyBP-C slows
relaxation are yet to be determined, the observation that MyBP-
C prevents relaxation before a fall in Ca?* also implies that
MyBP-C effects are either directly or indirectly sensitive to Ca%*.
In support of the former, Ca?* induced a conformational change
resulting in extension of cMyBP-C N-terminal domains in so-
lution (Previs et al., 2016), as well as increased MyBP-C binding
to sarcomere thin filaments (Yamamoto, 1986; Moos, 1981).
X-ray diffraction studies also showed changes in the intensity of
MyBP-C layer lines following Ca®*activation but before changes
in myosin cross-bridge movements (Linari et al., 2015). It is
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therefore plausible that a rise in [Ca?*]; directly alters the con-
formation of MyBP-C and promotes its binding to the thin fila-
ment, where it then can slow relaxation via one or more of the
mechanisms proposed above. A fall in [Ca?*]; would reverse
these effects, albeit with markedly slower dissociation kinetics
to account for sustained activation of the thin filament at the end
of systole, when [Ca?*]; has already returned to near-diastolic
values (Bers, 2002; Hinken and Solaro, 2007). However, a fall in
Ca?* may be necessary but not sufficient for relaxation to occur
(Irving, 2017). In this case, other mechanical signals such as a
quick stretch or fast relengthening may also be required to ac-
celerate relaxation by speeding cross-bridge detachment (Chung
et al., 2017; Tesi et al., 2002; Stehle et al., 2002). It is plausible
that mechanical control of relaxation via a quick stretch or re-
lease also promotes unbinding of MyBP-C from the thin filament
in a manner similar to unbinding of other catch bonds (Chen
et al., 2012; Prezhdo and Pereverzev, 2009). It is also possible
that differential strains exerted by the D- and P-zones of the
thick filament that relax faster than cross-bridges in the C-zone
could also provide mechanical input, causing unbinding of
MyBP-C that drives faster sarcomere relengthening (Brunello
et al., 2020).

Regulation of SPOCs in health and disease

The finding that loss of MyBP-C can induce SPOCs in vertebrate
nonflight muscles raises the intriguing possibility that asyn-
chronous oscillatory contractions are not an exclusive property
of highly adapted IFMs but rather represent a more fundamental
characteristic of all striated muscles. Lorand and Moos (1956)
proposed that the difference between skeletal and insect mus-
cle types is the presence of a damping factor in vertebrate
skeletal muscle that was absent in IFM: “Indeed, one wonders if
the oscillation observed in the insect muscles might not be due to
the absence of a ‘damping factor’ similar to that shown ... to exist
in the rabbit psoas.”

Because MyBP-C is not expressed in IFM, it is an excellent
candidate for the damping factor predicted by Lorand and Moos
(1956). Consistent with this idea, transgenic expression of
MyBP-C in Drosophila melanogaster resulted in a flightless phe-
notype, although MyBP-C in that study was not restricted to
C-zones (Vu Manh et al., 2005). Nonetheless, the lack of MyBP-C
in IFM may also help explain observations that the folded in-
teracting heads conformation of myosin heads appears less
stable in these muscle types (Lee et al., 2018). Still, it is sur-
prising that a single protein can effectively toggle between
contractile modes, because asynchronous contraction is thought
to have evolved multiple times in different insect species, each
by expressing a variety of specializations. For instance, a spe-
cialized troponin C isoform (TnC-F1) with increased Ca®* sen-
sitivity is critical for stretch activation at low priming levels of
Ca®* in the water bug, Lethocerus americanus (Bullard and
Pastore, 2019). Other IFM adaptations include modifications to
the structure, periodicity, and enzyme activities of myosin and
actin in thick and thin filaments; sarcomeres with minimal
I-band segments; and the presence of variety of additional ac-
cessory proteins (e.g., kettin, flightin, and paramyosin;
Chakravorty et al., 2017; Perz-Edwards et al., 2011; Taylor et al.,
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2019; Wray, 1979). While functional similarities between MyBP-
C and various proteins or structures in IFM have been proposed
(Bullard and Pastore, 2019), a functional analogue in IFM for the
damping effects of MyBP-C is not obvious.

Expression of MyBP-C in vertebrate striated muscles there-
fore suggests that induction and damping of oscillatory con-
tractile activity may be a regulated property in these muscles.
Because unphosphorylated cMyBP-C completely damped SPOCs
in cardiac muscle but phosphorylated c¢MyBP-C did not
(Napierski et al., 2020), inotropic pathways that phosphorylate
cMyBP-C, such as B-adrenergic signaling, may induce or in-
crease the occurrence of oscillatory contractions in cardiac
muscle. If so, it is worth considering how SPOCs could provide
adaptive advantages under conditions of increased inotropic or
lusitropic stimulation. Comparison with IFM is again instruc-
tive, because the process of moving Ca?* into and out of the
cytosol for each contraction is both time consuming and ener-
getically expensive at the high wingbeat frequencies necessary
for flight (~200-1,000 Hz). Asynchronous stretch activation
was therefore thought to have evolved in IFM to achieve high-
frequency contraction while at the same time minimizing the
high energetic costs associated with Ca?* transport during each
wingbeat (Josephson et al., 2000). Similar considerations may
apply to vertebrate striated muscles, especially heart muscle, in
which oscillatory or uncoupled asynchronous contraction could
allow for greater contraction and relaxation speeds at improved
energetic efficiency. Indeed, reduced energetic efficiency is
thought to be a major factor contributing to or exacerbating
disease etiologies such as HCMs and heart failure (Yotti et al.,
2019).

Other potential advantages of SPOCs include the ability of
oscillations to propagate rapidly across multiple sarcomeres and
across multiple cells, as SPOC waves travel in coherent patterns
(Sato et al., 2013). Such coordinated intersarcomere and multi-
cellular activity again may be energy sparing, especially in the
heart under conditions of increased inotropic and lusitropic
drive, where coordination across cardiac regions could augment
the heart’s conduction system to produce more powerful and
coordinated heartbeats (Viner et al., 2019; Nitsan et al., 2016).
Synchronized mechanical control of relaxation could account for
observations that diastolic vibration shortens the duration of
late systole and speeds relaxation (Janssen et al., 1996; Takagi
et al., 1992). If so, then sarcomere elastic properties, especially
those of the Z-line and thin filaments, are likely to be important
in storing and relaying mechanical energy from cross-bridges in
one sarcomere to those in adjacent sarcomeres (Linke et al.,
1993). Rhythmic storage and release of mechanical energy
across Z-lines could also provide mechanical-chemo-electrical
feedback that impacts Ca?* handling and action potential prop-
erties (ter Keurs et al., 2006a, 2006b; Izu et al., 2020).

Conversely, dysregulation of SPOCs may cause or exacerbate
the clinical course of diseases involving MyBP-C, because MyBP-
C protein expression and phosphorylation are commonly re-
duced in cardiac diseases (van Dijk et al., 2009; Glazier et al.,
2019; Kraft et al., 2016). Inherited mutations in the slow skeletal
isoform of MyBP-C (MYBPCI) are also increasingly linked to
distal arthrogryposes and muscle tremor (Shashi et al., 2019;

Journal of General Physiology
https://doi.org/10.1085/jgp.202012729

10 of 15


https://doi.org/10.1085/jgp.202012729

JGP

Figure 8. Proposed impact of SPOCs in
health and disease. Potentially adaptive re-

sponses of SPOC include faster, more efficient
contractile kinetics, enhanced mechanoelectrical
feedback, and more coordinated contraction and
relaxation across multiple cells or cardiac re-

gions. Potential for SPOC dysregulation may
occur under conditions that chronically affect

cMyBP-C  phosphorylation or that reduce
cMyBP-C expression such as haploinsufficiency
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Stavusis et al., 2019). In the case of cardiac muscle, mutations in
MYBPC3 are among the most frequent causes of HCM, where
most mutations lead to reduced cMyBP-C protein expression
(haploinsufficiency; Yotti et al., 2019; Helms et al., 2014). Cardiac
stress also results in proteolytic cleavage of cMyBP-C at a calpain
site located within the M-domain (Govindan et al., 2012, 2013;
Witayavanitkul et al., 2014). Therefore, cMyBP-C hap-
loinsufficiency in HCM patients or in response to cardiac stress
could result in increased SPOCs and dysregulation of myofila-
ment relaxation similar to that seen in Spy-C myocytes follow-
ing TEVp treatment. Chronic dysregulation of SPOC activity
could then alter contractile kinetics, energetics, excitation-
contraction coupling, or Ca?* homeostasis (Lehman et al., 2019;
Solaro, 2008; Yotti et al., 2019; Vitale et al., 2019; Toepfer et al.,
2020). Allelic and cell-to-cell imbalances in cMyBP-C expression
in myocytes of HCM patients (Kraft et al., 2016) could further
exacerbate dysregulation, leading to changes in source-sink
dynamics between neighboring cells that create ectopic or re-
entry foci for arrhythmia (Viner et al., 2019; Nitsan et al., 2016).
The opposite effects, i.e., reduced SPOCs and slowed contraction
and relaxation kinetics, may occur if cMyBP-C is chronically
hypophosphorylated, as in heart failure patients (van Dijk et al.,
2009; Jacques et al., 2008).

Conclusions

MyBP-C was discovered as an intimate binding partner of my-
osin nearly 50 yr ago (Offer et al., 1973). Almost simultaneously
with its discovery, MyBP-C was also found to interact with actin
(Moos, 1981; Moos et al., 1978; Yamamoto, 1986). Yet, it is only
recently that these seemingly contradictory observations are
becoming integrated into a cohesive picture that places MyBP-C
at a central position within the sarcomere, poised to sense,
communicate, and regulate contraction and relaxation through
interactions with both thick and thin filaments (Shaffer et al.,
2009; Irving, 2017; Brunello et al, 2020). Like the initial
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observations that MyBP-C interacts with both actin and myosin,
the recent discovery that MyBP-C modulates SPOCs (Napierski
et al,, 2020) also does not fit neatly into existing paradigms.
However, the idea that MyBP-C regulates SPOCs hints at new,
previously unrecognized modes of regulation that have the po-
tential for broad functional impact (Fig. 8). The similarity be-
tween SPOCs and asynchronous contraction found in IFMs is
especially striking and suggests that excitation-contraction
coupling may be more variable in vertebrate striated muscles
than previously thought. These ideas have yet to be rigorously
tested, but one implication is that the range of contractile re-
sponsiveness to Ca?* is greater than changes in either intracel-
lular Ca®* or myofilament Ca®* sensitivity alone would predict.
At an extreme, Ca?* may be merely permissive to initiate os-
cillations of an otherwise independent contractile apparatus.
Similarly, a fall in [Ca2*]; may be necessary but not sufficient for
relaxation that is ultimately dependent on mechanical events
rather than chemical signals (Chung et al., 2017).

Finally, a new conceptualization of MyBP-C as a wave maker
(when phosphorylated) or a wave breaker (when un-
phosphorylated) offers fresh perspectives on the function of this
enigmatic protein. For instance, by playing on heart “strings,”
MyBP-C may tune oscillations that constructively harmonize to
produce stronger, more resonant heartbeats, whereas dysregu-
lation may lead to discordant beats and arrhythmogenesis (ter
Keurs et al., 2006a, 2006b; Viner et al., 2019; Nitsan et al., 2016).
Accordingly, it is tempting to speculate that the longstanding
mystery of MyBP-C localization at 43-nm intervals across thick
filaments corresponds to critical damping nodes for SPOC
waves, analogous to the position of frets on a musical instru-
ment. It will be exciting to systematically test these and other
new hypotheses of MyBP-C function and its effects on heart
rhythms using the cut-and-paste method that allows rapid ex-
change MyBP-C in both cardiac and skeletal muscles. These
experiments are in progress.
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Supplemental material

Video 1. SPOCs in detergent-skinned cardiomyocytes from a homozygous Spy-C mouse. Three activations are shown for the same permeabilized
homozygous Spy-C myocyte preparation in a submaximal pCa solution near the pCa  for force development. Left: Myocyte preparation is shown actively
contracting at steady-state force before treatment with TEVp (control). Middle: The same myocyte preparation is shown contracting at steady-state force after
treatment with TEVp to remove domains CO-C7 of cMyBP-C. Note the vigorous and continuous oscillatory wave behavior (SPOCs) after removal of CO-C7.
Right: The same myocyte preparation is shown contracting at steady-state force after ligation with recombinant (r) COC7-sc. Note that force oscillations
(SPOCs) are completely damped after CO-C7 replacement with rC0O-C7-sc.
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